AGU Planet Earth Committee Report: Part II: Interior and Crust by Wyllie, Peter J. & Kaula, William M.
Eos, Vol. 71, No. 51, December 18, 1990 
AGU Planet Earth 
Committee Report: 
Part II 
Interior and 
Crust 
P A G E 1870 
Peter J. Wyllie 
California Ins t i tu te of T e c h n o l o g y 
William M. Kaula 
Universi ty of California, Los Ange les 
T h e Ear th ' s man t l e , core , a n d crus t com­
prise 9 9 . 9 8 % of its mass . T h e man t l e , m a k i n g 
u p t he bulk of t he mass at 70% a n d com­
posed of h i g h e r densi ty rocks (rich in m a g n e ­
sium silicates, p lus some i ron silicates), ex­
t ends an average of 1 5 - 2 9 0 0 km d e e p . T h e 
core is the cen te r of t he Ea r th , 2 9 0 0 - 6 3 7 0 
km d e e p , c o m p o s e d mainly of mo l t en i ron . 
T h e crus t is t he o u t e r m o s t layer of t he solid 
Ea r th , c o m p o s e d of lower densi ty rocks (rich 
in silica a n d a l u m i n u m a n d calcium silicates) 
6 - 4 0 km thick. 
T h e Ear th ' s ocean a n d a t m o s p h e r e out -
gassed f rom the in te r io r very long ago , a n d 
economic minera l depos i t s also f o r m e d far 
back in the past . T o d a y , however , i m p o r t a n t 
processes still s h a p e t he Ea r th , such as the 
con t inuous recycling of volat i les—water a n d 
ca rbon d i o x i d e — t h r o u g h the in ter ior , as well 
as the chemical a n d mechanica l b r e a k d o w n of 
rocky mater ia l essential to soil on t he land 
a n d to sed imen t s in the ocean . W i t h o u t these 
processes, the b io sphe re could no t exist. Most 
of this base of t he solid Ea r th , essential to 
life, has been fu rn i shed on t ime scales of mil­
lions of years, m u c h longer t h a n those of cir­
culat ion a n d renewal in the ocean , a t m o ­
s p h e r e , and b iosphe re . But , by t he s ame to­
ken, those pa r t s of the e n v i r o n m e n t tha t 
d e p e n d on solid Ea r th processes , such as soil 
a n d p e t r o l e u m , canno t be r ep l en i shed in hu­
m a n t ime if exploi ted o r des t royed . A n d the 
solid Ea r th can also have drast ic impacts on 
h u m a n beings in a very shor t t ime, such as 
t h r o u g h e a r t h q u a k e s a n d volcanic e r u p t i o n s . 
U n d e r s t a n d i n g this complex system requ i r e s 
go ing very d e e p in to t he Ea r th a n d very far 
back in t ime. 
We a re in a pe r iod of r e m a r k a b l e discover­
ies abou t t he solid Ea r th . With r ecen t ad­
vances in knowledge of man t l e dynamics a n d 
core -mant l e re la t ionships , we may be o n the 
th resho ld of deve lop ing a work ing m o d e l for 
the whole of t he Ear th ' s in te r ior . O n e a p ­
p roach , seismic t o m o g r a p h y , cons t ruc t s t h r e e -
d imens iona l images of t he Ear th ' s in te r io r by 
analyzing seismic ( ea r thquake ) waves. A n o t h ­
e r a p p r o a c h is geochemica l m a p p i n g — p l o t ­
t ing the d is t r ibut ion of t he m a n y chemica l 
c o m p o u n d s , e l emen t s , a n d isotopes of t he 
Ear th . O t h e r knowledge is ga ined t h r o u g h 
h igh p r e s s u r e e x p e r i m e n t s on E a r t h ma te r i ­
als, a n d t h r o u g h fluid dynamica l c o m p u t a ­
t ions us ing t h e gravity field a n d o t h e r surface 
data . Seismic in fo rma t ion abou t t he core-
man t l e b o u n d a r y has accelera ted s tudy of t h e 
g e o d y n a m o , which is t h e gene ra t ion of t h e 
Ear th ' s magne t i c field by flow in t he electri­
cally conduct ive , fluid i ron core . A n d it is 
man t l e dynamics tha t cont ro ls evolut ion of 
the l i thosphere , the o u t e r m o s t layer ( 0 - 1 5 0 
km thick) of the m a n t l e plus t he crust , which 
is co lder a n d h e n c e stiffer a n d s t r o n g e r t h a n 
the mater ia l it encloses. T h i s layer p rov ides 
the basis for the crus t a n d the g rea t variety of 
regional s t ruc tu res i m p o r t a n t to h u m a n be­
ings. 
Upper Mantle, Convection, 
Mantle Structure 
T h e mine ra l s t ruc tu res of rocks f rom t h e 
mant l e , such as lherzol i te (a d e n s e rock h igh 
in m a g n e s i u m , with s o m e i ron, believed to 
charac ter ize the man t l e m o r e t han 30 k m 
deep) , d e t e r m i n e d u p to p re s su re s co r re ­
s p o n d i n g to a m a r k e d seismic d iscont inui ty— 
or m a r k e d c h a n g e with d e p t h — 6 7 0 k m d e e p , 
show phase t rans i t ions tha t cor re la te well with 
recent da t a on seismic discont inui t ies , al­
t h o u g h t h e r e a r e ambigui t ies in some d e p t h 
intervals. (These phase t rans i t ions a r e 
changes in a tomic a r r a n g e m e n t normal ly r e ­
qu i r i ng changes in p r e s s u r e o r t e m p e r a t u r e . ) 
Melt ing as observed in e x p e r i m e n t s places an 
i m p o r t a n t cons t ra in t on condi t ions for melt­
ing in a convec t ing man t l e . I t is now a g r e e d 
that t he lower man t l e is mainly perovski t i te , a 
rock similar in compos i t ion to lherzol i te , b u t 
d e n s e r because t he p r e s s u r e forces a toms of 
m a g n e s i u m a n d i ron silicates in to closer ar­
r a n g e m e n t s . 
Basalts a r e t he most c o m m o n of igneous 
rocks, a class of rocks tha t fo rm by par t ia l o r 
comple te mel t ing of a p a r e n t mater ia l . Basalts 
a re c o m p o s e d of a m i x t u r e of ca lc ium-alumi­
n u m silicates a n d i r o n - m a g n e s i u m silicates 
that would be expec ted to form f rom a pa r ­
tial mel t of rock such as lherzoli te . Basalts 
compr i se most of the ocean floor below a th in 
sed imen t layer. Analysis of radioact ive iso­
topes in basalts a n d o t h e r rocks conf i rm tha t 
at least two reservoirs of sources for crusta l 
rocks exist in the man t l e . T h e s e reservoi rs 
have r e m a i n e d physically sepa ra t e for a cou­
ple of billion years. Recent research resul ts , 
in fact, suggest at least five distinct reservoirs . 
T h e s e resul ts mus t be reconci led with m a n t l e 
convect ion—a steady mo t ion in the solid 
Ear th of a few cen t ime te r s p e r year, p o w e r e d 
by radioact ive a n d p r i m o r d i a l hea t—which is 
s t rongly s h a p e d by s u b d u c t i o n — t h e s inking 
or shoving of l i t hosphe re back into the inter i ­
o r of t he Ear th . Subduc t i on is p robably t h e 
character is t ic of the E a r t h tha t d is t inguishes it 
most f rom o t h e r p lane ts . 
O n e m o d e l of m a n t l e convect ion pos tu la tes 
two layers, t h e lower c o m p o s e d of "pr imi t ive" 
mater ia l , no t yet d i f ferent ia ted in to crustal 
rocks, a n d t h e u p p e r , less t h a n 670 km d e e p , 
composed of d e p l e t e d mater ia l , f rom which 
crustal c o m p o n e n t s have been ex t rac ted . An­
o t h e r mode l p r o p o s e s tha t t he m a n t l e has 
o n e layer e x t e n d i n g 2900 k m d o w n , so that 
subduc t ion occurs all t he way to t he core-
mant l e b o u n d a r y . O t h e r mode l s combine the 
s imple o n e - a n d two-layer conceptual iza t ions . 
Fluid dynamica l calculat ions can reconcile 
convect ion with t o m o g r a p h i c a n d gravity 
da ta , p rov ided tha t the d e e p m a n t l e is 1 0 -
100 t imes as viscous as t he u p p e r man t l e , bu t 
m o r e cons t ra in ts a r e n e e d e d to reach defini­
tive conclusions. O n e recen t i n t e rp re t a t ion 
combines o n e - a n d two-layer mode l s in a 
mant l e in which t h e 670-km b o u n d a r y can be 
b reached by l i t hosphe re slabs of sufficient 
density contras t . 
Seismic t o m o g r a p h y resul ts a r e reveal ing 
the densi ty s t r u c t u r e of t he m a n t l e in t h r e e 
d imens ions . As resolu t ion improves , this 
s t ruc tu re may be i n t e r p r e t e d in t e r m s of tem­
p e r a t u r e a n d composi t iona l var ia t ions, for 
variat ions in seismic velocities with di rect ion 
indicate flow di rec t ions . Bu t a m o r e extensive 
a n d precise global seismic n e t w o r k is n e e d e d 
to infer t he major p a t t e r n s of m a n t l e convec­
tions. 
Mant le dynamics a r e cont ro l led by densi ty 
differences, which arise f rom mel t ing a n d 
o t h e r phase t rans i t ions , a n d f rom t h e r m a l 
a n d composi t iona l var ia t ions. Labora to ry 
m e a s u r e m e n t s of t h e densi ty of silicate melts 
at very h igh p re s su re s in shock wave a p p a r a ­
tus suggest tha t mel t p r o d u c e d below 2 0 0 -
300 km d e p t h may be d e n s e r t h a n t he solid 
mat r ix . T h i s s t rongly implies tha t t he evolu­
tion of a p lane ta ry body d e p e n d s o n its size, 
which great ly affects p ressu res at d e p t h . 
T h e s e effects shou ld be reflected in t he rela­
tive a b u n d a n c e s of t he m a n y chemical ele­
men t s : some tha t a r e r a t h e r r a r e act as trac­
ers for histories of dif ferent ia t ion. It used to 
be t h o u g h t tha t those t race e l emen t s that d o 
not fit easily in to t he crystal s t r uc tu r e of the 
a b u n d a n t e l ements—"incompat ib les"—were 
progressively flushed to t he o u t e r layers 
t h r o u g h par t ia l mel t ing ; ins tead, it a p p e a r s 
that melts below 2 0 0 - 3 0 0 km may have con­
cen t ra ted these e l emen t s d o w n w a r d s . 
Dense m a g m a s , o r accumula t ions of mol ten 
rock, a re consis tent with t he idea of a m a g m a 
ocean: a layer of mol t en rock, p e r h a p s 100 
km d e e p o r m o r e , exist ing at t he surface 
soon after t he Ear th ' s fo rmat ion . A n o t h e r 
mode l of the m a n t l e posits a layer of d e n s e r 
rock which crystallized f rom a m a g m a ocean, 
p e r c h e d in ba lance be tween the perovski t i te 
of the lower m a n t l e a n d the e n r i c h e d lherzo­
lite above it. A still d i f ferent hypothes is is tha t 
megal i ths—large masses of co lder rock—form 
whe re s u b d u c t e d l i t hosphe re piles u p above 
the dense perovski t i te at t he 6 7 0 - k m seismic 
discontinui ty, a n d t h e n sp r ead o u t to form a 
layer be tween t he separa te ly convec t ing u p ­
p e r a n d lower man t l e . All of these man t l e 
models , invoked to accoun t for s o m e aspects 
of t race e l e m e n t a n d isotope geochemis t ry , 
gene ra t e in tense d e b a t e a m o n g resea rcher s . 
Whole Earth Solidus, 
Geotherm, and 
Differentiation 
Recent advances in h i g h - p r e s s u r e exper i ­
men ta l t echn iques us ing static ( large press , di­
amond-anvi l ) a n d d y n a m i c shock-wave appa -
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ra tuses a r e ref ining o u r ideas a b o u t me l t ing 
t e m p e r a t u r e s a n d g e o t h e r m s , o r changes of 
t e m p e r a t u r e with d e p t h , wi thin t he Ea r th . 
T h e fusion curve (which plots how t h e melt­
ing t e m p e r a t u r e varies with p res su re ) for 
i ron p rov ides an es t imate of t h e t e m p e r a t u r e 
at t he i n n e r - o u t e r co re b o u n d a r y , which leads 
to es t imates for the Ear th ' s c e n t e r a n d core-
man t l e b o u n d a r y . A n o t h e r g rea t advance is 
the d e t e r m i n a t i o n of t he sol idus curves for 
lherzoli te a n d perovski t i te . ( T h e s e plot t he 
t e m p e r a t u r e , as a funct ion of p r e s s u r e , of 
c h a n g e f rom a comple te ly solid state to a 
m i x u r e of solid a n d liquid.) T h e s e curves , cal­
cula ted to p ressu res c o r r e s p o n d i n g to 2000-
km d e p t h , a n d g e o t h e r m s calculated t h r o u g h 
the man t l e , indicate a significant t e m p e r a t u r e 
difference be tween m a n t l e a n d core , which 
gene ra t e s ideas abou t how co re -man t l e in ter­
actions affect bo th t h e densi ty var ia t ions in 
the m a n t l e above a n d t h e g e o d y n a m o mecha ­
nisms in t h e core below. 
T h e in te rna l s t r uc tu r e of t h e E a r t h is asso­
ciated with chemical d i f ferent ia t ion , which 
has b een s tud ied in r ecen t years f rom several 
d i f ferent perspect ives , such as m a n t l e d y n a m ­
ics; i so tope , t race e l emen t , a n d ine r t gas geo­
chemis t ry ; mant le -c rus t evolu t ion; physics of 
rock-fluid systems; a n d m a g m a t i c processes . 
T h e chemis t ry of m a g m a s is cont ro l led by 
the physics of rock-fluid systems, a n d we 
n e e d m o r e da t a o n the i r physical p rope r t i e s . 
T h e densi t ies a n d viscosities of m a g m a s 
t h r o u g h t h e u p p e r m o s t m a n t l e a n d l i tho­
s p h e r e a r e now fairly well d e t e r m i n e d . 
Labora to ry e x p e r i m e n t s have also p rov ided 
insights a b o u t the perco la t ion of mel ts 
t h r o u g h a solid mat r ix , as necessarily occurs 
in t he m a n t l e . T h e s e e x p e r i m e n t s a r e com­
p l e m e n t e d by theoret ica l s tudies of fluid 
flows in d e f o r m a b l e mat r ices , t h u s def in ing 
condi t ions for fluid mig ra t ion . 
Subduction and Continental 
Collision 
Subduc t ion , a l ready m e n t i o n e d above, is 
u n d o u b t e d l y very i m p o r t a n t to bo th tectonic 
processes , which effect d e f o r m a t i o n by stress, 
a n d to petrological processes , which cause 
c h a n g e of compos i t ion by me l t i ng o r o t h e r 
mechan i sms . T h e s e effects of subduc t ion a r e 
major p r o b l e m s in u n d e r s t a n d i n g m a n t l e het ­
e rogenei t ies a n d the evolu t ion of t he conti­
nen t s . W e now have a good p ic tu re of the d e ­
h y d r a t i o n react ions a n d curves for i n f e r r ed 
mater ia ls in t he reservoi rs of oceanic l i tho­
s p h e r e , t h e over lying m a n t l e wedge , a n d the 
d e e p con t inen t . W e also have a gene ra l idea 
of t h e r m a l s t ruc tures , b u t w i thou t e n o u g h d e ­
tail to m a k e definitive choices a m o n g a l te rna­
tive processes . In fe rences of seismic velocities 
in subduc t ion zones cons t ra in these t e m p e r a ­
tu res , since waves travel faster in cold rock 
t han in ho t . Bu t t h e r e is still d e b a t e over how 
m u c h volcanism in ocean island arcs origi­
na tes f rom s u b d u c t e d oceanic crust , a n d how 
m u c h f rom the over ly ing m a n t l e wedge . 
Different petrological p a t t e r n s charac te r ize 
con t inen t -con t inen t collisions, such as t he o n e 
tha t caused the uplift of t h e Himalayas a n d 
the T i b e t a n Pla teau. Recent ly d iscovered 
combina t ions of m e t a m o r p h i c rocks—struc­
turally c h a n g e d by hea t , p r e s s u r e , a n d vola-
tiles, sho r t of me l t ing—evidence his tor ies of 
h igh p r e s s u r e in the i r m ine ra l s t ruc tu res , in­
dica t ing the i r or igin at least 100 k m d e e p . 
T h e s e inferences also d e p e n d o n l abora to ry 
e x p e r i m e n t s in h igh p r e s s u r e a p p a r a t u s e s . It 
is especially r e m a r k a b l e tha t these rocks re ­
t u r n e d to t he surface rapid ly e n o u g h to p r e ­
serve these minera logica l messages , which is a 
cha l lenge for s t ruc tu ra l geologists to expla in . 
I so tope s tudies of mine ra l inclusions in meta ­
m o r p h o s e d rocks also p rov ide new in fo rma­
tion o n t ime factors in t he d e p t h - t e m p e r a ­
tu re - t ime evolut ion of m o u n t a i n r a n g e s . 
I m p r o v e d de ta i led insight in to t h e t h e r m o -
mechanics a n d chemis t ry of these subduc t ion 
zone processes will con t r i bu t e great ly to u n ­
d e r s t a n d i n g volcanic ou tbu r s t s , a n d h e n c e to 
al leviating this h a z a r d . 
Continental Kinematics 
Plate tectonics descr ibes t he hor izon ta l m o ­
t ions of r igid slabs of t h e Ear th ' s sur face , with 
d e f o r m a t i o n conf ined to relatively n a r r o w 
zones be tween t h e slabs. Plate tectonics has 
p rov ided a k inemat ic f r amework—desc r ibed 
pure ly by mot ions , w i thou t r e f e r ence to 
cause—for s tudy of m a n y aspects of con t inen ­
tal geology, i nc lud ing exp lo ra t ion for e n e r g y 
a n d mine ra l r e sources . T h e t heo ry p rov ides a 
whole new way of look ing at geology, e m ­
ploying p a l e o g e o g r a p h y , paleobiology, pa leo-
climatology, a n d p a l e o o c e a n o g r a p h y . T h e s e 
s tudies enab le r econs t ruc t ion of po ten t ia l 
sites for mine ra l concen t r a t i ons of p e t r o l e u m , 
p h o s p h a t e s , a n d o t h e r economic r e sources . 
T h e con t inen t s a r e k e p t d r i f t ing by oceanic 
rifts, a n d discovery of s u b m a r i n e vents a n d 
associated mine ra l depos i t s have revolu t ion­
ized i n t e rp re t a t i ons of t he or ig ins of m a n y 
o r e deposi ts . 
Kinemat ic p a t t e r n s o n a m u c h s h o r t e r t ime 
scale a r e i m p o r t a n t to advances in u n d e r ­
s t and ing h a z a r d s g e n e r a t e d by t h e solid 
Ea r th . At t he m a r g i n s of t h e global-scale tec­
tonic plates, such as be tween the Afr ican a n d 
Euras i an plates in t h e M e d i t e r r a n e a n a n d be­
tween the Pacific a n d N o r t h A m e r i c a n plates 
in California, t he p a t t e r n s of m o t i o n indica te 
a n u m b e r of microp la tes , some only a few 
ki lometers in ex ten t . T h e s tudy of these mar ­
ginal zones is cu r r en t ly a ho t topic , a n d o n e 
with g rea t practical impl icat ions , since such 
zones of ten a t t rac t t he bu i ld ing of l a rge u r ­
b a n complexes . Alleviat ing e a r t h q u a k e haz­
a r d s in these a reas r equ i r e s de ta i led m e a s u r e ­
m e n t of t he microp la tes ' mo t ions , as well as 
i m p r o v e d theore t ica l insight . Newly devel­
o p e d compac t r ad io in t e r f e rome t r i c systems, 
which employ p h a s e differences of r a d i o sig­
nals received at d i f ferent locat ions, now offer 
the capability of achieving t h e requis i te m o ­
bility a n d speed of observa t ion to achieve this 
r e q u i r e d detai l . O n e such effort, t h e Global 
Posi t ioning System (GPS), is a conf igura t ion 
of 18 satellites at 14 ,000-km a l t i tude , which 
the D e p a r t m e n t of Defense is p lac ing in orbi t 
for navigat ion p u r p o s e s , b u t which will also 
be valuable to m e a s u r e differences in geode t ­
ic posi t ion. 
Research Needs 
T o realize t he societal as well as scientific 
potent ia l of these exci t ing d e v e l o p m e n t s in 
solid E a r t h geophysics , m e a s u r e m e n t p r o ­
g r a m s m u s t be e x p a n d e d in several respects . 
Since 70% of t h e E a r t h is covered by water , 
a n d m u c h of t h e significant s t r u c t u r e a n d 
processes of t he E a r t h exist at d e p t h , these 
p r o g r a m s r e q u i r e closer e x a m i n a t i o n t h a n 
feasible f rom space, u s ing aircraft , ships , 
g r o u n d observator ies , a n d dr i l l ing to d e p t h . 
Maps a r e of g rea t i m p o r t a n c e as funda ­
men ta l da t a sets, bu t t he t rad i t iona l t opo­
g raph ic a n d geologic m a p s a r e still sketchy 
a n d n o n - u n i f o r m over m u c h of t h e wor ld . 
T h e new mul t i spect ra l space systems, howev­
er , enab le qualitatively d i f ferent m a p s with 
g rea t detai l to be p r o d u c e d . A v igorous p r o ­
g r a m of scientific con t inen ta l dr i l l ing is r e ­
q u i r e d to p rov ide t h e t h i rd d i m e n s i o n , t he 
u n d e r g r o u n d t r u t h to i n t e r p r e t geophysical 
m e a s u r e m e n t s . 
A new m e a s u r e m e n t system will g e n e r a t e 
e n o r m o u s a m o u n t s of da ta , necess i ta t ing 
c o m p l e m e n t a r y systems to o rgan ize , dissemi­
na te , a n d archive t he da ta . M o d e l i n g is also 
necessary to u n d e r s t a n d the processes b e h i n d 
this da ta . Overal l , r e sea rch r equ i r e s no t only 
the best da t a sets a n d the fastest c o m p u t e r s , 
bu t also t he best m i n d s with imagina t ive 
ideas. C o m p u t e r s , for e x a m p l e , have prov id­
ed s o m e heur is t ic r e p r e s e n t a t i o n s of m a n t l e 
convect ion, a n d c u r r e n t ideas a b o u t "chaos" 
apply well to this highly non - l i nea r p h e n o m e ­
n o n , even t h o u g h it may no t be t u r b u l e n t in 
t he t rad i t iona l sense, as appl icable to a s t r eam 
of water . 
Measurement Needs 
T h e E a r t h - o r i e n t e d p a r t of t h e Na t iona l 
Research Counci l (NRC) s tudy "Mission to 
Planet E a r t h " c o m p r i s e d essentially two p r o ­
g r a m s : E O S , t he s p a c e b o r n e " E a r t h Observ­
ing Sys tem" p l a n n e d for t he mid -1990s , a n d 
P L A T O , a " P e r m a n e n t L a r g e A r r a y of T e r ­
restr ial Observa to r ies , " p r o p o s e d to comple ­
m e n t EOS. T h e systems will collect i n t eg ra t ed 
sets of global, synopt ic , a n d s imu l t aneous ob­
servat ions f rom bo th satellites a n d t h e Ear th ' s 
surface. E O S , as descr ibed in t he N R C s tudy, 
inc ludes t e t h e r e d satellite systems, a magne t i c 
field exp lo re r , a geopo ten t i a l r e sea rch mis­
sion, spec t rome te r s , a laser r a n g i n g system, 
synthet ic a p e r t u r e r a d a r , a n d o t h e r m e a s u r ­
ing systems. P L A T O inc ludes ocean -bo t tom 
geophysical observator ies , a l and-based global 
seismic ne twork , GPS receivers , laser c o r n e r 
reflectors, b o r e h o l e s tat ions for dr i l l ing o p e r ­
a t ions , a n d m a n y o t h e r aspects . 
T o c o m p l e m e n t these space a n d g r o u n d -
fixed observator ies , systematic one - t ime m a p ­
pings a r e necessary f rom air o r sh ip , with re ­
pea t ed deta i led surveys in a reas of c o n t e m p o ­
ra ry tectonic c h a n g e . 
Summary 
It is clearly t ime to d e v e l o p " E a r t h System 
Science" for t he Ear th ' s c rus t a n d in te r io r , 
following t h e e x a m p l e of those main ly con­
c e r n e d with a t m o s p h e r e s a n d oceans . T h e 
solid E a r t h is a system c o m p a r a b l e in com­
plexity to these , b u t o p e r a t i n g o n a m u c h 
longer t ime scale. T h i s system e m b o d i e s links 
be tween t h e co re -man t l e in te rac t ions , m a n t l e 
dynamics , a n d the g e n e r a t i o n a n d evolu t ion 
of l i t hosphe re , a n d so to t h e b i o s p h e r e tha t 
fo rms a th in layer be tween t h e solid E a r t h 
a n d its fluid enve lopes . T h e stages of or ig in , 
migra t ion , a n d subduc t ion of t h e l i t h o s p h e r e 
a r e all associated with l i t hosphe re /hyd ros -
p h e r e in terac t ion , a n d c o n t i n e n t fo rma t ion is 
t ied to in terac t ions be tween t h e mobi le m a n ­
tle a n d t h e l i t hosphere . T h e con t inen t s 
evolved be tween m a n t l e a n d fluid enve lopes , 
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Table 2. Summary of Ins truments and Measurements for the Miss ion to Planet 
Earth: A n Integrated Infrastructure Matrix 
Measurement Systems 
Polar Geosyn­ Othe r Aircraft Ocean Ground 
Measurement Orbiter chronous Satellites Balloons Stations Stations 
Magnetic field G G G G G 
Gravity field (geoid) G G, A G G G, A G, A 
Stratospheric chemistry C, P C P P 
Aerosols M, P M T T T 
Winds A, P A T T T 
Severe storms R, M R, M D T T T 
Clouds M, P T T T 
Precipitation R, M, P R, M M, D T , S T 
Particulate matter M, P M T T T 
Tropospher ic chemistry C, P C C C 
Ocean currents M, A M, A A, D A 
Ocean chlorophyll M M O O 
Ocean salinity M M O 
Lake levels A O 
Sediments M M D O 
Sea state R R D O 
Sea ice R, A, M R, A, M A O 
Glaciers R, M, A A A 
Snow R, M R, M A 
Topography A A A 
Surface tempera ture M M O O T 
Albedo M M T 
Surface geochemistry M M 
Geological features R, M R, M 
Cultural features R, M R, M 
Vegetation M M T, C 
Soil moisture M M 
Soil erosion M M 
Surface strain A A, D A 
Seismic wave velocities D S S 
Tectonic deformation D, L s S 
Inst rument categories are M, multispectral imaging; R, radar imaging; A, altimetry ranging; P, 
vertical profile remote sensing; D, data links; T, meteorological instruments; O, oceanography 
instruments; S, seismographs-acoustic detectors; G, gravimeter-magnetometer; C, chemical 
composition instruments; and L, locations, precise geodetic. 
a n d the b i o s p h e r e a n d h u m a n beings d e p e n d 
o n all of these . 
W e have probably ga ined m o r e f u n d a m e n ­
tal knowledge a b o u t t h e Ear th ' s i n t e r io r d u r ­
ing the 1980s t h a n in all of p rev ious scientific 
history. D u r i n g the s a m e pe r iod , however , 
t he cumula t ive a n d d a m a g i n g effect of h u ­
m a n society has b e c o m e dramat ica l ly obvious . 
W e d o no t know if we have the t ime to com­
plete o u r u n d e r s t a n d i n g of t h e E a r t h be fo re 
o u r aggressive at tack o n t h e p lane t i r revers ­
ibly dep le tes t he resources , such as soil a n d 
p e t r o l e u m , tha t a r e n o t economical ly rep lace­
able by fu tu re gene ra t i ons . 
Implementation 
P A G E 1871 
Adam M. Dziewonski 
H a r v a r d Universi ty, C a m b r i d g e , Mass. 
William M. Kaula 
Universi ty of Cal ifornia , Los Ange les 
T h e p r o b l e m - o r i e n t e d discussions in this 
series m e n t i o n m a n y observa t ions , expe r i ­
men t s , a n d mode l ings t ha t a r e n e e d e d to car­
ry o u t t he goals of t h e P lane t E a r t h Init iat ive. 
T h e nex t logical s tep wou ld be to compi le 
f rom these m e n t i o n s an e n u m e r a t i o n of mea-
surables (for e x a m p l e , c loud coverage a n d 
ocean surface t e m p e r a t u r e ) , with a view to 
specifying the i n s t r u m e n t s , p la t fo rms , spac-
ings, f requencies , etc. , a t which these mea­
s u r e m e n t s shou ld be m a d e . T h i s s t ep has al­
r eady b een taken for significant fract ions of 
the p r o b l e m s discussed. Tab l e s 1 a n d 2 a r e 
out l ines of such a compi la t ion , t h e mos t com­
prehens ive b u t no t t h e mos t de ta i led , d r a w n 
f rom the 1988 Nat iona l Resea rch Counci l / 
Space Science B o a r d r e p o r t , Space Science in 
the Twenty-First Century: Mission to Planet Earth. 
Its emphas i s is o n t h e global a p p r o a c h , a n d 
some m i g h t a r g u e tha t 10,000 "s imple 
Table 1. Elements o f a Miss ion to 
Planet Earth 
Quan t i t y E l e m e n t 
1 Space Stat ion 
1-2 spec ia l -purpose satellite 
missions 
5 g e o s y n c h r o n o u s 
o rb i te r s 
2 - 6 po la r o rb i te r s 
1 8 - 2 4 GPS constel la t ion 
2 - 3 t r ack ing a n d da ta relay 
satellites 
1000 floating buoys , 
" p o p - u p s " 
100 m o o r e d buoys 
100 ocean b o t t o m stat ions 
1 0 0 - 1 0 0 0 s m a r t g r o u n d stat ions 
1 0 0 0 - 1 0 , 0 0 0 s imple g r o u n d 
instal lat ions 
aircraft 
ba l loons 
rockets 
ships , r e sea rch 
ships , o p p o r t u n i t y 
g r o u n d instal lat ions" a r e too few for such ef­
forts as s tudies of crus ta l mot ion . 
In add i t ion to t he m e a s u r e m e n t s ou t l ined 
in Tables 1 a n d 2, dr i l led holes; l abora to ry 
m e a s u r e m e n t s ; da t a m a n a g e m e n t — p r o c e s s ­
ing, analysis, a n d archiv ing; a n d m o d e l i n g 
a re n e e d e d . All of these a r e activities tha t re ­
qu i r e significant i nves tmen t in e q u i p m e n t 
a n d facilities to accompl ish a ba lanced u n d e r ­
s tand ing . Also, focus on the e n d scientific in­
format ion r e q u i r e d to m a k e h e a d w a y on the 
p rob l ems—both the c o n t e n t a n d t h e fo rm 
thereof, is n e e d e d . 
A G U is most c o n c e r n e d abou t ge t t ing u n ­
derway a comple t e "Mission to P lane t Ea r th , " 
tha t is, an overall in te rna t iona l effort tha t is 
ba lanced by inc lud ing the m a n y necessary 
c o m p l e m e n t s to t he po la r a n d geos ta t ionary 
p la t forms p l a n n e d in the 1 9 9 5 - 2 0 1 0 t ime 
f rame. 
With some except ions , mostly solid Ea r th , 
spaceborne systems in T a b l e 1 a p p e a r to be 
well u n d e r w a y . I n par t icu la r , t he Na t iona l 
Aeronau t ics a n d Space Admin i s t r a t ion ' s 
Ea r th Obse rv ing System (EOS) is b e i n g well 
i m p l e m e n t e d , with pr inc ipa l invest igators se­
lected for 19 i n s t r u m e n t s . T h e first po lar -or ­
bi t ing p la t fo rm is s chedu led for l auch in 
1997, a second in 1998, a n d possibly a geosta­
t ionary p la t fo rm in 1999. We h o p e tha t this 
schedule is a s su red by l aunch f rom t h e ex­
p e n d a b l e vehicle T i t a n IV, r a t h e r t h a n f rom 
the Space Shut t le . 
In add i t ion , smal ler missions a re schedu led 
for t he p e r i o d 1 9 9 1 - 1 9 9 5 . Meanwhi le , al­
ready l a u n c h e d systems, such as L A N D S A T 
a n d G O E S , l imp a long. T h e decision to com­
mercial ize L A N D S A T m a d e its p roduc t s too 
expens ive for scientific research . W e h o p e 
tha t the b u d g e t s for t he imp lemen ta t i on of 
E O S will p rov ide sufficient s u p p o r t for the 
en t i r e process of da t a analysis a n d in te rp re ta ­
t ion. Only t h r o u g h federa l f und ing can re­
search o n this scale be ca r r i ed out , a n d it will 
be several years before even part ial c o m m e r ­
cialization is feas ib le—perhaps never , unless 
t h e r e is a g rea t c h a n g e in how e n v i r o n m e n t a l 
p ro tec t ion a n d cont ro l is o rgan ized . G O E S 
d e m o n s t r a t e s tha t systems built for conven­
tional w ea the r p red ic t ion may not p rov ide 
da ta tha t is accura te e n o u g h , o r in forms suit­
able to a rchive for l ong - t e rm research . 
However , t h e r e is no t imp lemen ta t i on to 
the same ex ten t of surface-observing systems. 
As po in t ed o u t in the discussions of the inte­
r ior , oceans , a n d a t m o s p h e r e , t he r e a r e p lans 
p r o p o s e d by in te rna t iona l scientific societies, 
such as t he Fede ra t ion of Digital Seismo-
g raph ic Ne tworks , the In t e rna t i ona l Geos-
p h e r e B i o s p h e r e P r o g r a m m e , a n d the Wor ld 
Cl imate Research P r o g r a m m e , bu t the i r im­
p l e m e n t a t i o n d e p e n d s o n na t ional agencies. 
Wi th in t h e Un i t ed States, an e n h a n c e d effort 
is p l a n n e d in cl imate r e sea rch , with $191.5 
million f u n d i n g for Fiscal Year 1990 [Office 
of Science a n d T e c h n o l o g y Pol icy/Commit tee 
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